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In this study, we report the effects of mixing zinc oxide (ZnO) nanoparticles in the active 

layer on the performance of organic photovoltaics devices. The active layer primarily 

consists of various ratios of the organic electron donor poly(3-hexylthiophene (P3HT) and 

the electron acceptor [6,6] phenyl-C61-butyric acid methyl ester (PCBM) together with  

ZnO (less than 100 nm particle size) nanoparticles dissolved in xylene solvent. The weight 

ratio of PCBM to ZnO in the blend was varied, keeping the ratio of P3HT constant. The 

power conversion efficiency (PCE) improved by increasing the ZnO content in the active 

layer blend. The increase in PCE was mostly caused by the decrease in the series 

resistance (Rs) of the devices and increase in the open circuit voltage (Voc) of the devices. 

The mixing also enhanced absorption in visible region and introduced red shift in the 

absorption spectra. The addition of ZnO increased the surface roughness of the active 

layer. The ZnO nanoparticles agglomerated as their ratio relative to PCBM and complete 

agglomeration was observed with no PCBM in the active layer blend. 
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1. Introduction 
 

The world is facing an energy crisis and research is needed in this area using renewable 

energy resources. The conversion of the sun’s rays into electricity is an environmental friendly and 

abundant energy source. The particular efficiency of silicon solar cells created from inorganic 

materials attained around 24% [1], working with expensive materials of high purity and energy 

intensive processing techniques. The alternative of silicon crystalline solar cell is 3
rd

 generation 

solar cells; especially dye-sensitized solar cells (DSSC), conjugated polymer/fullerene bulk 

heterojunctions, small molecule thin films devices are attractive due to low cost, light-weight, 

portable, easy processing and flexible production [2]. New strategies of manufacturing solar cells 

that can scale up to significant sizes while remaining affordable are essential. 

 The bulk heterojunction (BHJ) structure is commonly used for organic solar cell (OSC) 

devices. This structure consists of an electron donor (polythiophene derivative) and an acceptor 

(fullerene) in an interpenetrating network blend. However, poor charge carrier mobility in most 
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conjugated polymers and quick recombination of photogenerated excitons (electron hole pair) limit 

the power conversion efficiency (PCE) of the solar cell.  

This issue has been resolved by using inorganic semi-conductor nanostructures as electron 

acceptor in OSCs. These hybrid photovoltaics (PV) devices combine the exceptional properties of 

inorganic semiconductors such as high electron affinity, good stability and high electron mobility 

[3-4]. Therefore, organic-inorganic hybrid materials are potential candidates for use in PV cells 

[5]. The photoactive layer of a hybrid BHJ solar cell usually consists of physically blending 

inorganic semiconductor nanocrystals with conjugated polymers. However, the devices consisting 

of the hybrid material blends often encounter problems, including poor compatibility [6], thus 

decreasing the interfacial area between inorganic semiconductor and conjugated polymers and 

limiting the efficiency of the resulting devices. Different methods have been applied to manage 

these issues, such as the surface modification of nanocrystals, in- situ fabrication methods, the use 

of co-solvent mixtures, etc. [7–13]. 

In this work, we mixed ZnO (≤ 100 nm) nanoparticles in P3HT:PCBM blend to fabricate 

ternary material based hybrid solar cells [14]. Our work aims to study the effects of ZnO 

nanoparticles on optical, morphological and electrical properties of the active layer blend and 

hence on PCE of the devices. The addition of ZnO nanoparticles increased PCE of the devices in 

the presence of PCBM only. 

 

 

2. Experimental Details 
 

The glass substrates pre-coated with indium tin oxide (ITO) of Delta Technologies USA, 

with sheet resistance of 8-12 Ω/□ were used for the device fabrication. Conducting polymer 

(poly(3,4- ethylene dioxythiophene)-polystyrenesulfonate) (PEDOT:PSS) was obtained from 

Heraeus Material Technology LLC, USA. Highly regioregular P3HT (P200), ZnO nanoparticles 

and PCBM were purchased from Rieke Metal, Sigma Aldrich and Nano-C USA, respectively. All 

materials were used as received without further purification. 

The hybrid solar cells were prepared with different weight compositions of PCBM, ZnO 

and P3HT in the active layer of the devices. Hybrid solar cell devices were fabricated by spin 

coating PEDOT:PSS at 3000 rpm for 60 s on ultrasonically cleaned ITO glass substrates. The 

samples were baked in N2 enviroment inside glovebox at 130
0
C for 10 minutes. The blends of 

P3HT:PCBM:ZnO of various weight ratios (1:0.7:0, 1:0.55:0.15, 1:0.35:0.35, 1:0.15:0.55 and 

1:0:0.7) in 1ml xylene solvent after stirring 12 h at 40
0
C were spun on the top of PEDOT:PSS 

layer. The spun films were annealed on the hotplate at 150
0
C for 15 minutes in nitrogen 

environment. Upon an active layer a thin layer of LiF (0.3 nm) and aluminum (100 nm) were 

evaporated under high vacuum with an active area of 0.4 cm
2
. The device structure was 

Al/LiF/P3HT:PCBM:ZnO/PEDOT:PSS/ITO as shown in fig 1. 

 

 

 

 
 

 

Fig. 1. Schematic diagram of hybrid solar cells 
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3. Results and discussion 
 

 
Fig.2. J-V characteristics of different ratios of P3HT:PCBM:ZnO devices 

 

 

The current density vs voltage (J-V) curves obtained under dark and light conditions of 

100 mWcm
-2 

are shown in Fig. 2. Figure 2 shows that the incorporation of ZnO nanoparticles in 

the active layer decreased Rs and hence increased FF of the devices. Various ratios of the blends 

were used in the active layer and results are summarized in Table 1.  

The table indicates that mixing of ZnO in the active layer of the devices, while 

maintaining the amount of acceptor material, increases PCE from 1.13±0.1% to 2.14± 0.2%. The 

table shows that Rs decreased from 39 Ω-cm
2
 to 17 Ω-cm

2
, with addition of ZnO, in the presence 

of PCBM in the active layer. The decrease in Rs is attributed to decrease in bulk resistivity with 

the addition of ZnO, as the addition improves perculation network of the active layer [14]. The 

increase in Rsh (Table-1) is attributed to suppression of leakage current due to ZnO nanoparticles 

network [15,16].  

 
Table 1:Device parameters obtained from J-V curves in Fig. 2 

 

 

 

The energy level diagram of the devices are shown in Fig. 3 [17]. Excitons are created at 

the interface of P3HT and PCBM. In our case the holes transfer towards ITO electrode after 

passing through hole transport layer (PEDOT:PSS), and electrons are transported to the cathode 

due to higher electron mobility and lower conduction band of ZnO nanoparticles. 

 

P3HT:PCBM:ZnO Voc 

(V) 

Jsc 

(mA/cm
2
) 

    FF  

   (%) 

Rsh 

(Ω-cm
2
) 

Rs 

(Ω-cm
2
) 

PCE    

(%) 

 

1:0.7:0 0.538 5.03 41.74 664 39 1.13±0.1 

1:0.55:0.15 0.602 6.33 42.85 480 19 1.62±0.3 

1:0.35:0.35 0.661 

 

6.07 54.19 672       16 2.14±0.2 

1:0.15:0.55 0.648 

 

5.64 48.18 632 17 1.74±0.1 

1:0:0.7 0.475 0.01 34.14 

 

78400 51  0.001 
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Fig. 3: Energy level diagram with incorporation of ZnO nanoparticles in hybrid solar cells 

 

 

 The observed decrease in Rs and increase in Rsh reduced the leakage current and led to 

significant increase in FF and Voc of the devices with increasing amount of ZnO nanoparticles in 

the active layer [18,19]. The increase observed in Jsc and FF is attributed to percolation network of 

ZnO nanoparticles that facilitates the electron transport in the photoactive layer and an electric 

field is formed between heterojunction of organic material and ZnO nanoparticles [17,20]. The low 

efficiency of the device with ratio 1:0:0.7 is attributed to agglomeration of ZnO nanoparticles. The 

excess amount of ZnO in the active layer of P3HT blend broke the BHJ network due to 

agglomeration and device stopped generating current that led to the poor solar cell performances.  

 

 
Fig. 4.  AFM images of P3HT:PCBM:ZnO with ratio 1:0.7:0 (a) 1:0.35:0.35 (b) and 1:0.15:0.55 (c) 

 

 

 Fig. 4(a)-4(c) represent images of different ratios (1:0.7:0, 1:0.35:0.35, 1:0.15:0.55) of 

P3HT:PCBM:ZnO active layers obtained using atomic force microscope (AFM). Figure 4a 

displays the surface is rough with a few needle type feature with RMS roughness value of 5.7 nm.  

Figure 3b and 3c indicate the formation of small and large agglomerations on the surface  with 

RMS roughness of 9.7 nm and 26.4 nm respectively. The mixing of ZnO nanoparticles in the 

active layer of P3HT:PCBM enhanced the surface roughness of the film. 
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Fig. 5. Absorption spectra of different ratios of P3HT:PCBM:ZnO devices 

 

 

Fig. 5 shows that absorption spectra of binary system P3HT:PCBM and ternary system of 

P3HT:PCBM:ZnO active layers. The absorption increased with the incorporation of ZnO in the 

blend of P3HT:PCBM and introduced red shift. The observed red shift was manifested to improve 

the crystallinity of P3HT. This improvement in crystallinity of P3HT is obvious from the more 

pronounced absorbtion shoulder witnessed around 600 nm [21,22] in Figure 5. As discussed 

earlier, roughness increased in the presence of ZnO nanoparticles in the active layer. The surface 

with high roughness might reflect more light in the active layer. This leads to slightly increased 

absorption with optimum amount of ZnO mixed in the blend of active layer [17]. 

 

 
 

Fig.6. EQE curves of different ratios of P3HT:PCBM:ZnO based devices 

 

 

The EQE curves of various ratios of P3HT:PCBM:ZnO are shown in Fig.6. The figure 

shows the improved EQE with addition of ZnO in active layer of the devices. This improve in 

EQE over the wavelength 375-650 nm contributes to the increase in PCE of the devices. The 

enhancement in EQE is attributed to an increase absorption in the active layer and increased in the 

charge carrier mobility with incorporation of ZnO nanoparticles [23]. 

 

 

4. Conclusions  
 

Effect of  incorporation of ZnO nanoparticles in active layer of P3HT:PCBM solar cells is 

studied using xylene as the solvent. The mixing shows increase in PCE of the device from 
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1.13±0.1 % to 2.14±0.2 %. The PCE improved most probably due to decrease in Rs of the devices. 

The Voc, Jsc, FF, EQE and absorption of the devices increase with increasing amount of ZnO 

nanoparticles in the active layer blend of P3HT:PCBM. The ZnO nanoparticles form small and 

large aggregations with increasing amount of ZnO in the active layer and enhanced the surface 

roughness. The PCBM also acts as a surfactant material in the active layer blend and ZnO 

nanoparticles completely agglomerate in the absence of fullerene derivative in the active layer 

blend. 
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